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Abstract. The standard inflationary account for the origin of cosmic structure is, without a doubt, 
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and D. Sudarsky, Class. Quantum Grav., 23, 2317, (2006)]. The central point is that, in the standard 
accounts, the inhomogeneity and anisotropy of our universe seems to emerge, unexplained, from an 
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possibility of a multiplicity of collapses in each one of the modes of the Quantum Field. As we will see, 
the results are sensitive to a more detailed characterization of the collapse than those studied in the 
previous works, and in this regard two simple options will be studied. We find important constraints 
on the model, most remarkably on the number of possible collapses for each mode. 
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1. Introduction 

Modern cosmology has become a very successful field of research in recent years. One 
of the major ideas, incorporated in the cosmological model, is the existence of a period 
of accelerating expansion early in the Universe's history, called Inflation. One of the 
major successes of inflationary cosmology is its ability to 'account for' the spectrum of 
the temperature anisotropics in the Cosmic Microwave Background (CMB), which is 
understood as the earliest observational data about the primordial density fluctuations 
that seed the growth of structure in our Universe. 

However, when considering this account in more detail, one immediately notes 
that there is something odd about it. Namely, that out of an initial situation, which 
is taken to be perfectly isotropic and homogeneous, and based on a dynamics that 
supposedly preserves those symmetries, one ends with a non-homogeneous and non- 
isotropic situation. 

The problem described above, has been acknowledged by some cosmologist^ P 
and even by some authors in recent textbooks [2l|3lll]. Nevertheless, several researchers 
in the field continue to hold the belief that the issues have been successfully resolved 
[HI El 13 IE] . For an extensive discussion about why the standard explanations doesn't 
solve this problem, we invite the reader to consult the reference [9]. 

In a recent series of works [101 El lEl [iSl HH [HI UHl HE] the problem has been 
analyzed leading to the conclusion that we need some new physics to be able to fully 
address the problem. The essential idea (as exposed in [THl [HI [121 [131 [HI M [13 [16] ) 
is to introduce a new ingredient to the inflationary paradigm: the self-induced collapse 
hypothesis: a phenomenological model incorporating the description of the effects of a 
dynamical collapse of the wave function of the inflaton on the subsequent cosmological 
evolution. The idea is inspired by L. Diosi [T71 [HI [H] and R. Penrose's arguments 
[201 [211 [221 [23] in the sense that the unification of quantum theory and the theory of 
gravitation would likely involve modifications in both theories, rather than only the 
latter as is more frequently assumed. Moreover, Penrose's idea is that the resulting 
modifications of the former should involve something akin to a self-induced collapse 
of the wave-function occurring when the matter fields are in a quantum superposition 
corresponding to space-time geometries which are 'too different from each other'. This 
sort of self- induced collapse would, in fact, be occurring in rather common situations, 
and would ultimately resolve the long standing 'measurement problem' in quantum 
mechanics. 

The collapse hypothesis in this context was originally inspired by Penrose's ideas, 
however it might be compatible with other collapse mechanisms which attempt to give 
a reasonable solution to the measurement problem. In essence, the collapse hypothesis 
simply sustains that something intrinsic to the system, i.e., independent of observers, 
induces the collapse or reduction of the quantum mechanical state of the system. 
Various proposals of that sort have been considered [241 [23 [26l [271 EH], and might 

§ Sometimes this problem is formulated as the Quantum-to-Classical transition. 
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well be compatible with the self-induced collapse of the inflaton's wave-function that 
we are considering. However, we are not following any previous proposed scheme as the 
intention at this point is to learn what characteristics are needed for it to work in the 
present context. The point is that, in the case at hand, the collapse hypothesis can be 
tested and exposed through strictly empirical analyses. 

The proposal is, at this stage of the analysis, a purely phenomenological scheme. It 
does not attempt to explain the process in terms of some specific new physical theory, 
but merely give a rather general parametrization of the quantum transition involved. 
We will refer to this phenomenological model as the collapse scheme. We will not further 
recapitulate the motivations and discussion of the original proposal and instead refer 
the reader to the above mentioned works. 

Previous works along these lines have focused on the times of collapse and the 
natural basis for the collapse [11], and the issue of fine-tuning of the inflaton potential 
in the collapse schemes [16]. However, so far the analysis has been based on the 
consideration of a single collapse of the inflaton's wave-function for each mode. That 
limitation of scope has allowed the investigation to proceed without the post-collapse 
state being characterized beyond the specification of the expectation values of the field 
and the conjugate momentum in the corresponding modes. The motivation of this 
present paper is to extract more information about the collapse by considering the 
possibility that multiple collapses occur in each mode, a consideration that requires a 
further specification of the post-collapse states; in particular, we are going to focus in 
models where the post-collapse states can be regarded as coherent or squeezed states. 

The article is organized as follows: In section |2] we briefly review the quantum 
mechanical treatment of the field's fluctuations introducing the collapse hypothesis; we 
will emphasize how the self-induced collapse proposal is contrasted with the observations 
and, additionally, we will describe the three collapse schemes that have been studied 
so far, namely: Independent, Newtonian and Wigner schemes. In section [3] we will 
generalize the collapse hypothesis of section [2] to the case of multiple collapses. In section 
m we will characterize the multiple post-collapse states and obtain new information 
about the parameters describing the post-collapse state. Finally in section |5] we will end 
with a discussion of the results obtained in the previous sections. 

Regarding notation we will use signature ( — h ++) for the metric and Wald's 
convention for the Riemann tensor. We will use units where c = 1 but will keep the 
gravitational constant G and h explicit throughout the paper. 

2. The collapse model for the quantum fluctuations in the inflationary 
scenario 

In this section we will review the formalism used in analyzing the collapse process. 
The full formalism and motivation is presented in [TOl [TTl [T2[ [13] . We will use a semi- 
classical description of gravitation in interaction with quantum fields as reflected in 
the semi-classical Einstein's equation Gab = S:7iG{Tab) , whereas the other fields are 
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treated in the standard quantum field theory (in curved space-time) fashion. This is 
supposed to hold at all times except when a quantum gravity induced collapse of the 
wave function occurs. At that point, one would have to assume, that the excitation of 
the fundamental quantum gravitational degrees of freedom must be taken into account, 
with the corresponding breakdown of the semiclassical approximation (the possible 
breakdown of the semi-classical approximation is formally represented by the presence 
of a term Qab in the left hand side of the semi-classical Einstein's equation which is 
supposed to become nonzero only during the collapse of the quantum mechanical wave 
function of the matter fields, see [10] for the detailed discussion). 

The starting point is the action of a scalar field minimally coupled to gravity 

1 ,afeT 



R[9ab]--9'''Va<pVb<p-V[<P] . (1) 



167rG ^ 2- 

One then splits the corresponding fields into their homogeneous part and the 
perturbations. Thus the metric and the scalar fields are written a.s g = go + 6g and 
(f) = (po + Sif. 

With the appropriate choice of gaugqljl (we will work with the longitudinal gauge 
also referred to as the Newtonian gauge) and ignoring the vector and tensor part of the 
metric perturbations, the space-time metric can then be described by the line element 

ds'^ = a{rif[-{l + 2^(r7, x))dri'^ + (1 - 2^(r/, x))Sijdx'dx^], (2) 

where \E'(r7,x) is referred to as the Newtonian potential. 

The inflationary regime is characterized by a scale factor a{r]) ^ — l/[if/(l — e)?]], 
with H] ^ 8ttGV/3 (which is Friedmann's equation) and e = ^{Mp/h){d,pV/V)'^ the 

II Although the equations in this gauge are formally identical to the gauge- independent equations 
[29) . the analysis done here requires the choosing of a specific gauge. One can not work with the 
so called 'gauge invariant combinations', because in the approach followed here, the metric and field 
fluctuations are treated on a different footing. The metric is considered a classical variable (taken 
to be describing, in an effective manner, the deeper fundamental degrees of freedom of the quantum 
gravity theory that one envisions, lies underneath), while the matter fields, specifically the inflaton 
field perturbations are given a standard quantum field (in curved space-time) treatment, with the two 
connected trough the semiclassical Einstein's equations. The choice of gauge implies that the time 
coordinate is attached to some specific slicing of the perturbed space-time, and thus, our identification 
of the corresponding hypersurfaces (those of constant time) as the ones associated with the occurrence 
of collapses, -something deemed as an actual physical change-, turns what is normally a simple choice of 
gauge into a choice of the distinguished hypersurfaces, tied to the putative physical process behind the 
collapse. This naturally leads to tensions with the expected general covariance of a fundamental theory, 
a problem that afflicts all known collapse models, and which in the non-gravitational settings becomes 
the issue of compatibility with Lorentz or Poincare invariance of the proposals. We must acknowledge 
that this generic problem of collapse models is an open issue for the present approach. One would 
expect that its resolution would be tied to the uncovering of the actual physics behind what we treat 
here as the collapse of the wave function (which we view as a merely an effective description) . As has 
been argued in related works, and in following ideas originally exposed by R. Penrose [20 1 l2T | \22 \ 123 ) . 
we hold that the physics that lies behind all this, ties the quantum treatment of gravitation with the 
foundational issues afflicting quantum theory in general, and in particular those with connection to the 
'measurement problem'. 
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slow-roll parameter (which during inflation e ^ 1); Mp the reduced Planck mass 
M|, = h/{87iG). 

The normalization of the scale factor will be set so a = 1 at the 'present cosmological 
time'. The inflationary regime would end ai rj = r]r, a value which is negative and very 
small in absolute terms [rjr ^ — 10~^^ Mpc). That is, the conformal time t] during the 
inflationary era is in the range — oo < rj < rj^, thus rj = is a. particular value of the 
conformal time that does not correspond to the inflationary period, in fact, it belongs 
to the radiation dominated epoch. 

The background scalar fleld 0o will be considered in the slow-roll regime, i.e., 
<^o = —{(i^/3(i')d(f,V, where the primes denotes {}' = d/dri{}. 

Combining the background equations with Einstein's equations to flrst order in the 
perturbations we obtain 

V^^ + /i^ = A7rG{u6^ + (f)Q6ip') , (3) 

where /i = "H^ — Ti'; u = STicpQ + a^dtf,V[(j)] and "H = a' {jj) j airf) . If one uses the 
expressions for the scale factor during a de Sitter phase then /i = 0, while the slow- 
rolling approximation (p^ = —a^d^V/^tl-L corresponds to the condition m = 0. Under 
those simplifying conditions the last equation becomes a Poisson-like equation 

V^* = 47rG0o5<^' = s6^', (4) 

with s = 47rG'0Q, which can be rewritten, by using the slow-roll parameter, the 
background equation for 0q in the slow-roll regime and Friedmann's equation, as 
s = ah^e/{^/QMl). 

The next step involves the quantization of the fleld fluctuation. We emphasize that 
the background fleld 0o is described in a classical^! fashion and it is only the fluctuation 
5 if which is subjected to a quantum treatment. 

Actually, it is convenient to work with the auxiliary fleld y = aSip. The equation 
of motion for this fleld is 



a" 



y"-[V' + ^)y = 0. (5) 

The conjugated canonical momentum of y is ti = y' — ya'/a. In order to avoid 
infrared problems we will consider a restriction of the system to a box of side L, with 
periodic boundary conditions. The fleld and its momentum can be decomposed in 
Fourier's modes as 

^) = E ^^''■''^k(^)' ^(V, ^) = jsJ2 ^"^'""^kiv), (6) 

k k 

with the wave vectors satisfying kiL = 27Tni for i = 1,2, 3. The fleld operator 
coefficients are further written as: y]^{ri) = yk{v)(^]i_ ~^yk{v)^^ ^"^^ ^k(^) ^ 9k{v)^\i_ + 

^ By classical, in this context, we mean that the homogeneous background field (^^{rj) is taken as an 
approximated description of the quantum quantity ("010(3;, 77) where the state jV') is the vacuum 
state of 6(p{x, rf)- 
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g^{vi)a} j^. The functions yk{v) ^"^^ 9k{v) reflect the election of the vacuum state. In our 
case, as is customarily done in the field, we choose the so called Bunch-Davies vacuum 
[30] . resulting from this choice 



^^^^^ ^ ~ Vk) ^^P*^~^^^)' 3k{v) = -i^exp{-ikr]). (7) 

The vacuum state is defined by the condition 0^10) =0 for all k, and can be easily 
seen to be homogeneous and isotropic at all scales. The self collapse is assumed to 
operate in close analogy with a 'measurement' in the quantum-mechanical sense, but of 
course, without any external apparatus or observer that could be thought as performing 
the measurement. The self-induced collapse, is assumed to occur, independently, for 
each mode of the field. That is, one assumes that at a certain time rj^ (from now on 
we will refer to this particular time as the time of collapse) the state of each mode k 
of the field, which was initially the vacuum, changes spontaneously into another state. 
This self-collapse of the wave-function is inspired by Penrose's ideas [20l EH [22l 123] , 
in which gravity plays a fundamental role on the collapse of the wave-function and it 
does not require outside observers who perform a measurement in order to induce the 
collapse. The collapse scheme as employed here, however, does not propose at this point 
a concrete physical mechanism behind it, although one envisions that a more profound 
theory, presumably derived from quantum gravity, will eventually account for it. These 
ideas and motivations are discussed in great detail in [TOl IH IHl |13]. In order to study 
the possibility of multiple collapses, we will see that more detailed specifications of the 
states after the collapse are needed in contrast with the works [101 III 1121 113] . 

Following [To] it is convenient to decompose the field y-^^ and its conjugated 
momentum ifj^ in their real and imaginary parts which are completely Hermitian 
^k(^) = ^k*^^) + iyi^iv) and \{r]) = 7rg(r/) + iTt^r]) where 

4«-"(,) = -L(j„(,)a<^«-') + a(,)af' >), (8) 
4«'"(,) = -L(9,(,)a^''^')H-5,(,)af '), (9) 

where 



a 



k= yf(^k + «-k)' «k = ^(^k-«-k)- (10) 
The commutators of the real and imaginary annihilation and creation operators are 

a«t] = nL^6^y + 5k,_k'), [«k' «k] = ^^'(^k,k' - ^k,-k')- (11) 

A full characterization of the state of each mode of the field would require the 
specification all statistical moments. In previous works [101 [El US], the collapse has 
been characterized only in terms of the expectation values of field and of the momentum 
conjugate for the new quantum state. However, in this present work, as we are assuming 
the possibility of multiple collapses, we will need to focus on the first two statistical 
moments: the expectation value and the uncertainties (see section [3l). 
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For any state |S) of the field y, we introduce the following quantities 

d^^-'> ^ {a|f'">H, 4"'" ^ {(a;f''V)H. - (3L'""«k'")- (12) 

The expectation values of the field modes can be written as 

{y^^''\v)h = {ykiv)d^^''^) , {^^^''\v)h = {9kiv)d^^''^) , (13) 
while their uncertainties are 



(14) 



{R,I) 
k 



- 2 



{R,I) 
k 



(15) 



ARJ) 



specifically for the vacuum state |0) one has, as expected, d^' ' = o 



and thus (^|^'^^('7))o = 0, {TT^'^'{ri))Q = 0, and their corresponding uncertainties 



iR,i) 
k 



ejf = 0, 



^y'C''\v) 



(16) 



Once we specify the expectation value of the field's modes yj^'^'' and tt^'^' in the 
post collapse state |S) at the time of collapse rjl (|0) — )■ |H)) 



{y^^''\vl))s^{E\y'^'"{vim 



(17) 



we can obtain the expectation values evolved at any time after the collapse, provided 
that there is no additional collapse. In fact, by comparing f lT7|) with f|T3l) we obtain 



(4''''^(^))H = A(r/,r/^)(4'^''H^^))H + i?(r/,r/D(4''''H^^))s, 
(C''^(^))h = C'(r/,r/^)(vrjf'^)(^^))H + /^(r/,r/^)(yif''^(r/D)s, 



;i8a) 
{18b) 



where A, B, C and D are time dependent functions which describe the temporal 
evolution of the quantum system between rjl to rj. In particular, in the inflationary 
stage these functions are 



MV, Vl) = cos{kr] - kr]l) + 



—k sm{kri — krjl), 
cos{kri — kril) ( 1 



k 



1 



kri kr]\ 



+ 



sin{kri — kr]] 



k'^rjTj 



D{ri,ril) = cos{kri — krj] 



sm{kr] — kri\ 
krj 



(19a) 
{19b) 
(19 c) 

(19 d) 
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Equations fll8ap and (1186p can be rewritten in matrix form 



T(r^,S) = U(r^,r/^)T(r^^,S), (20) 
where 

In this notation, it is clear that the matrix \J{ri, rj^) represents the standard 
unitary evolution (this refers to the standard quantum mechanical evolution of states 
or operators as it might be the case, and should not be taken to mean that the matrix 
U(?7,?7^) is unitary. It is not, and there is no reason for it to be so), for the expectation 
value of the fields, from the time rj'^ to the arbitrary time 77. 

The evolution of the uncertainties (Ay|^'^^(?7))| and depends on the 

specific post-collapse state. In particular, the quantities Cj^'^"* and ej^''^'' depend on the 
state after the collapse. That is, once we specify the post-collapse state (and thus the 
quantities cj^'^^ and e^^'^^ are fixed), we can use f|T^ and f lTSj) to obtain the evolution 
of the uncertainties. 

2.1. Connection to Observations 

In order to connect the predicted quantities with the observed ones, we start from @ 
V^*(?7,x) = s6(p'{r],x.). 

For the mode after a Fourier's decomposition, we obtain 

*k(^) = ^H(^)- (24) 
After describing the parametrization of the collapse in the previous section, we 
proceed to evaluate the perturbed metric using the the semi-classical Einstein's Field 
Equations: Gab = 8'7iG{Tab) which we described at the beginning of this section. To 
lowest order this set of equations reduces to 

^k(^) = (25) 

where we used that {5<^]^)3 is connected to the expectation value of the momentum field 

by (^V^k)s = {^]i)s/ciiv) oil the state 

Recalling that s = ahVVe/y/QMp, the expression for the Newtonian potential is 
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We note that before the collapse occurs, the state of the field is the Bunch- 
Davies vacuum for which (7r]^(?7)) = 0, consequently "^-[^{rj) = 0, and the spacetime is 
homogeneous and isotropic (at that scale). However, after the collapse takes place, the 
new state will generically have (7rj^(?7)) 7^ and the gravitational perturbations appear. 
That is, the onset of the inhomogeneity and anisotropy at each scale is associated with 
the first collapse of the corresponding mode. 

In order to obtain a theoretical prediction and contrast it with the observations, 
we strictly can not use the expression of ^]^(?7) as given in ( l26l) because it was obtained 
using the slow-roll approximation which is only valid in the inflationary epoch, while 
the observations made today by our satellites depend on the Newtonian potential at the 
last scattering surface. That is, the observations rely on \&(?7£), x/j), with rjD the time of 
decoupling and x^i = (sin 6* sin 0, sin 6* cos 0, cos 6*) where Rd is the radius of the last 
scattering surface, 6, are the standard spherical coordinates in the sky 

The conformal time of decoupling lies in the matter dominated epoch. Nevertheless, 
we will work with the expression for "^-[^[r]) in the radiation dominated era, extending if 
one wants its range of validity which is from rjr to rj^g < rjD (where rjeg is the conformal 
time of the radiation- matter equality epoch). The changes during the brief period from 
the start of 'matter domination' to 'decoupling' (where the scale factor changes only 
by a factor of 3, i.e., a{riij)/a{r]eq) ~ 3), are naturally considered to be irrelevant for 
the issues concerning us here, and thus the approximated value for the quantities of 
observational interest obtained using "^{rj) in the radiation dominated regime should be 
a very good approximation for the exact value of these quantities. Therefore, our goal 
here is to obtain an estimate for "^-[^{ri) during the radiation epoch. 

The analysis can be simplified by working with a quantity whose evolution is rather 
simple, the so called 'intrinsic curvature perturbation' [3Tl|32l|33] (, which is defined as 

^ = (^"'^' + ^) + (27) 

where w = P/p. During the inflationary regime, P = —^g°''^da4>db(f) — V represents 
the 'pressure' of the scalar field and p = —^g"'^da(j)db(f> + V the energy density. 

It is a known result [21 [3l] that ( is, for modes larger than the Hubble radius 
(commonly referred as modes 'larger than the horizon' i.e., modes with k <^'H) and for 
'adiabatic perturbations', roughly a 'constant quantity', irrespective of the cosmological 
regime and the nature of the dominant kind of matter. The constancy of this quantity 
is used to obtain a relation between the values of the Newtonian potential during the 
two relevant regimes: *j^^(r/) and ^™'^(r/) 

^inf ^ ^rad ^ ^m/ ^2 ^ _ 3 ^28) 



3 \Winf + 1 



2 



where, in obtaining the right hand side of f l25]) the use of the equation of state P = p/3 
was made, and the left hand side was obtained using the equation of state P = WinfP 
where Winf + 1 = 0o /a^p. Finally, by relying on the assumption of validity of the 



Multiple quantum collapse of the inflaton field and the birth of cosmic structure 10 



slow-roll approximation during inflation, (jy^/a^ = ^Ve, (1251) becomes 

^'C'^ = ^. (29) 

^ 3 e 

Thus, substituting fl26l) in fl29l) . the expression for the Newtonian potential, in the 
radiation dominated epoch, becomes 



The expression above is valid for modes with k <^'H, which are actually the modes 
of interest from the observational point of view. That is, we need to consider that 
k/Ti ^ 1 in {fcj^irj)). Furthermore, the result ( l30l) shows that for a generic collapse 
scheme there is an amplification 1/e in the Newtonian potential, in accordance with the 
generic findings of the detailed study for the collapse scheme presented in [16] . 

In order to connect with the observations we note that the quantity that is 
observed is ^{d, </>), which is expressed in terms of its spherical harmonic decomposition 
'^im^imyimi^, (p)- The theoretical calculations make a prediction for the most likely 
value of the coefficients aim which are expressed in terms of the Newtonian potential on 
the 2-sphere corresponding to the intersection of our past light cone with the surface of 
last scattering 

aim = J d^n^ir]n,^D)YimiO,(l>), (31) 

After a Fourier decomposition of the Newtonian potential \E'(r7£), x/)) = 
Y^k^^k^'^o) / L^)e'^'^° , and using ([30]), we obtain 



ai 



k 

Using standard spherical harmonic relations: 
gikxo _ 4^-jiJ2i^i''ji{kRD)YimiO,(f))Yi^{k), where ji are spherical Bessel functions, we 
get 



aim = 47rz' ^j^p^y^^(^kiVD))ji{kRD)YiUi^). (33) 
k ^ 

The quantity aim is the sum of contributions from the collection of modes, each 
contribution being a complex number, leading to what is in effect a sort of 'two- 
dimensional random walk' whose total displacement corresponds to the observational 
quantity (this will be seen more clearly in the next section when we specify (vrj^(?7fc))) • 
It is clear that, as in the case of any random walk, such quantity can not be evaluated 
and the only thing that can be done is to evaluate the most likely value for such total 
displacement, with the expectation that the observed quantity will be close to that 
value. As is now standard in our treatments, we do this with the help of the imaginary 
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ensemble of universes and the identification of the most hkely value with the ensemble's 
mean value 



kk' ^ ^ 



The rest of the present work focuses on obtaining the quantity i^]^' iv)) 

under specific conditions on the post-collapses states. 

An important observation follows directly from the point of view adopted to relate 
the metric effective description of gravity with the quantum aspect of the matter 
fields: The source of the fluctuations that lead to anisotropics and inhomogeneities 
lies in the quantum uncertainties for the scalar field, which collapses, due to some 
unknown quantum gravitational effect. Once collapsed, these density inhomogeneities 
and anisotropics feed into the gravitational degrees of freedom leading to nontrivial 
perturbations in the metric functions, in particular, the Newtonian potential. However, 
the metric itself is not a source of the quantum gravitational induced collapse. Therefore, 
as the scalar field does not act as a source for the gravitational tensor modes -at least 
not at the lowest order considered here-, the tensor modes can not be excited. Thus, as 
already di=cu=sed in m E], the .cheme naturally lead= to the predictiotS of a zero -or 
at least a strongly suppressed- amplitude of gravitational waves to the CMB. 



2.2. Quantum collapse schemes 

In order to proceed, we must specify the quantum collapse scheme which drives the 
inflaton field out of homogeneity and isotropy. In past works [IDl [E] three different 
schemes were considered. Two of them, called Independent collapse and Newtonian 
collapse were presented in [10] and the last one, denominated Wigner's collapse, was 
presented in [11]. In [13] these schemes are further studied but limiting the consideration 
to a single collapse. In the following, we will describe them briefly. 



2.2.1. Independent collapse scheme In this scheme one assumes that the expectation 
values of the field's mode y^'^\ and their conjugate momentum 7r|^'^\ acquire 'random' 
independent values. The expectation value was considered as randomly selected 

+ However, it is worthwhile pointing out that such conclusion is directly tied to our underlying approach 
that favours the semi-classical Einstein's equations augmented with a collapse proposal as a way to 
deal with the gravity quantum interface faced in the current problem. It is of course conceivable, 
although seems harder to understand in a wider context (see the discussion in section 8 of [9|), that a 
collapse might be incorporated into a setting where both the gravitation and scalar filed perturbations 
are simultaneously treated at the quantum level. If the latter happened to be the correct approach, 
something that would be possible to ascertain when we have a fully satisfactory theory of quantum 
gravity, our conclusion about the tensor modes would be modified. 
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In this scheme the expectation value jumps to a random value ' multiplied by 
the uncertainty of the vacuum state of the field. The random variables 
selected from a Gaussian distribution centered at zero, of spread one (normalized), and 
are statistically uncorrelated, that is the rationale of the name. This means that we are 
ignoring the natural correlation that exists in the conjugate fields in the pre-collapse 
state. 

2.2.2. Newtonian collapse scheme This scheme is motivated by the observation that 
in the Poisson-like equation (1261) . only the expectation value of vr*^^'^^ appears. Thus, 
following Penrose's ideas regarding the quantum uncertainties that the gravitational 
potential would be inheriting from the matter fields' quantum uncertainties, as 
fundamental factors triggering the collapse, one is led to consider a scheme where 'only 
j^{R,i) collapses', leaving the expectation value of y^^'^^ unchanged 



As before, xj^'^^ represents a random Gaussian variable normalized and centered at zero. 



2.2.3. Wigner's collapse scheme The last collapse scheme considered in [TU [15] 
attempts to take into account the correlation between and fc^^'-^^ existing in 

the pre-collapse state, and to characterize it in terms of the Wigner's function. The 
Wigner's function of the vacuum state of the inflaton is a bi- dimensional Gaussian 
function. This fact will be used to model the resulting collapse of the quantum field 
state. The assumption will be that, at a certain (conformal) time rj'^, the part of the 
state characterizing the mode k will collapse, leading to a new state in which the fields 
will have expectation values given by 

{y^^''\vl)h = x^^''''^ A. cose,, {n^^''\vl))E = x^^''^A,ksme,, (37) 

(R I) 

where random variable, characterized by a Gaussian distribution centered at 

zero with a spread one. A, is given by the major semi-axis of the ellipse characterizing 
the bi-dimensional Gaussian function (the ellipse corresponds to the boundary of the 
region in 'phase space' where the Wigner function has a magnitude larger than 1/2 
its maximum value), and is the angle between that axis and the y^'^^ axis. The 
quantities A, and 9, can be expressed in terms of r]^ [13] as 



^{k7]lY - v^l + lQ{kr]iy + 9{k7]\ 
3(/cr/^ 



20. = arctan ( , ) . (39) 
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3. Multiple Quantum Collapses 

Once one hypothesizes that there is a new kind of physical process which affects the 
system under investigation, it seems logical to consider the possibility that it occurs more 
than once, and in circumstances different from those for which it was first proposed. The 
extensive study of that issue is well beyond the present manuscript and would require its 
merger with other studies of collapse models for more general circumstances. However, 
the cosmological situation is one where further analysis can be done with relative ease 
and where it is natural to assume that the effect must manifest in a rather unmodified 
version in all its occurrences. This work can be considered as the first exploration (see 
also [15]) of the effects of multiple collapses in the situation which lead to the first 
proposals suggesting that they play a fundamental role in cosmology. 



3.1. Collapse Scheme Relations for Multiple Collapses 

We will analyze the provided schemes in the case of multiple quantum collapses by 
focusing on the expectation values of the relevant quantities at any time after exactly 
n quantum collapses. 

First, we will generalize the notation in order to handle in a unified fashion the three 
different quantum collapse schemes (developed in [101 El])- Let us assume that at time 
ril^ has occurred a single collapse taking the state |co) to the state |ci)0- Then, a natural 
generalization of the expectation value of the field (and its conjugated momentum) in 
the post-collapse state |ci) will be assumed to be given by 

{y^^''\vl'))c, = xj^f -'Vf ^)(r^-, Co) + {y^^''\vl'))c,, (40) 

(C^(C))c, = 'Vl'^-'^IC, Co) + (4''''^(C))co, (41) 
where xi^^^^'^^ and xi^^^^'^^ stand for a random value characterizing the change in 

K,I K,II ^ ^ 

the expectation value of y^'^^ and n^'^^ respectively. The superscript '•^^ indicates 
that the random variables are associated with the first collapse while the quantities 
in the last term of the right hand side of ( l40l) and ( |4TI) represent the value of the 
corresponding operators if there had been no collapse. The correlation between these 
random variables depends on the particular collapse scheme. The functions crlf^'^^ {rjl^ , Cq) 
and o^i^''^\ril^ , Cq) denote the uncertainties of the expectation values of the fields for the 
particular collapse scheme considered. The notation employed remind us the principal 
quantities that characterize the expectation values. That is, it depends on: the previous 
collapse state |co) (which in the case of a single collapse is the vacuum state), the time 
of collapse rj^^, and the random variables x^^^^'^\ x^^^^^'^\ 

* In this section, we have changed the notation shghtly, the post-collapse state will be denoted |c„) 
instead of |S) as in the previous section. That is, the state |co), represents the vacuum state; |ci) will 
denote the first collapse state and so on. 
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Note that the left hand side (Lh.s.) of ( HUj) and ( HT]) is in the post-collapse state 
|ci), while the right hand side (r.h.s.) is in the pre-collapse state |co), i.e., the new state 
depends on the old state. Let us also note that the whole expressions ( HOj) and ( l4Ti) 
are evaluated in 77^^ the time at which the first collapse occurs. The second term in 
the r.h.s. is the expectation value of the mode in the state \cq) evolved up to rj^^. This 
dynamical evolution is dictated by f l20|) . The generalization of these ideas allow us to 
write the collapse scheme for the n-th collapse |c„_i) — ?► |c„) 

= <f ''V(^'^)(ry-, c._i) + (yjf ''\r^^"))e„_i, (42) 

{^^'"'\vl-))c. = c.-i) + (^'^•'H^r))c„_i. (43) 

The second term of the r.h.s. of ( l42i) and ( H3i) is the expectation value of the 
{n — l)-th collapse evaluated at the n-th collapse time 77^". If we employ the matrix 
notation introduced in the previous section, we can rewrite ( l42l) and (l43ll as 

T(r/-, c„) = A(xj;f r^-, c._i) + T(r^-, c„_i), (44) 

where we introduced a new object 

/ (n){R,I) {R,I)( 



a;, cr^t 

KJI 




with i = I, II. 



3.2. Evolution between collapses 



Equation (12011 characterizes the evolution of the state between two successive collapses, 
e.g., n and n — 1. In other words, this means that f l20|) is valid from (their initial 
condition) to rjl". We can rewrite ( 120|) . with the notation adopted in this section, in 
order to see this more clearly 

T(r/,c„)=U(r/,r/^")T(r^^",c„). (45) 

Thus, the evolution from to 77^", of the expectation values of the state |c„_i), is 
determined by (H5l) but using, as initial condition, the expectation value given by the 
collapse n — 2, which evolved in a similar manner. This will lead us to a recursive relation 
for the dynamical equation of the field's expectation value after n collapses. Note that 
this description is just the orthodox quantum evolution following the standard rules 
of quantum mechanics: between 'measurements' the wave function evolves following 
Schrodinger's equation, and at the times when the 'measurements' occur, the wave 
function is 'collapsed' or 'reduced'. Then the wave function continues to evolve according 
to Schrodinger's equation but now with the initial condition of the 'post-measurement' 
quantum state, etc. 

On account of the discussion above, we note that fH5|) depends on the (n — 1)*^, (n — 
2)*'^, I''* collapse states. Therefore, we will obtain a new expression for (1451) which 
will show this dependance explicitly. 
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We start by substituting in (HSl) obtaining 
T(r/,c„) = U(r/,r/^")A(a:j;^''\r/^",c„_i) + V , (vT , c^^-i) ■ (46) 

The quantity T(r7^",c„_i) contains information of the expectation value of the fields 
in the state |c„_i) at the time rjl", but fH5|) give us the value of T for any time rj 
and any state |c„). In other words, we can use f HSj) and the collapse 'recipe' ( H4|) ( to 
obtain T(r7^""\ c„_i)) to calculate T(r7^", c„_i). This calculation will result in a term 
T(?7^""\ c„_2) which, again, can be computed from (H5|l and dH]), therefore, (H6l) is a 
recursive relation which depends explicitly from the very first to the [n — l)-th post- 
collapse state. For example, if a single collapse occurs, we have 

T(r^,cO = V{v,vl^)A{x^^f^'\4\co), (47) 
because |co) is taken to be the vacuum and T(?7^^, cq) = 0. For two collapses one obtains 
T(r^,C2) = V{v,vin^{x^if''\vl\c,) + V{v,4^)V{r^^^^ (48) 
Thus, the general expression for T(?7, c^) after n collapses is 



T(r/,c„) = U(r^,r^-)A(xJ^"f c„_0 
+ U(r/,r/-)U(r/-,r/^^)A(xj; 



(n-l){iJ,/) c„_i X 



a; 



(n-2){R,/) _c„_2 



+ U(r^,r^^")U(7^^",7^^^)U(r/r\7^^^)A( 
+ U(r^,r^-)U(C,%"-^)U(r/^"-\%"-^)U(r/--,r^--) x 
xU(r7-,.^-)A(xj;f'^),r/-,Co). 



,Cn-3) + - 



(49) 



From (145 p it is evident that the matrix U(?7^", ?7^""^) represents the unitary evolution 
for the expectation value of the fields in the state \cn-i) from //^""^ to rjl". Because of 
the unitary evolution, we have U(?7, ?7^")U(?7^", %""^) . . .\J{ril^ ,ril^) = \J{ri,ril^). Using 
this property in ( 149|) . we finally obtain 



'^(^,^fc") = Z;U(r/,r/^™)Ai 



X 



(m)(R,/) c 



, Cm-l)- 



(50) 



m=l 



'^^'^\v) after n collapses 



Equation flHJ]) allows us to extract the evolution for the expectation value of of 



(R,I) 



m=l 



ksm{k7] - A;r/^'")xj^]^'^''Vj«'^)(^r, c^-i 



+ I cos{kr] — k7]l"^) + 



sin{kr] — krj 



Sm){R,I)^{R,I)(^c„ 



(51) 



The result ( 15T|) is the generalization of f llSap for multiple collapses during the 
inflationary epoch. We observe that the evolution of ttj^ resembles a superposition 
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of many independent one-collapse evolutions of the expectation values of ttj^ , any of 
which suffered a collapse at different times. 

As mentioned at the end of section 12.11 to connect the theoretical predictions with 
the observational quantities, we need to compute lajmli/.L. given in (IMj) . That is, we 
need to obtain (7rj^(^7))c„(7r|^/(^?))c„, which will be our next task. 

First, we note that, in the notation introduced in ( HOj) and ( HTj) . the expectation 
value of each collapse scheme was decomposed generically as x^^^'^^ ay^'^\ril^ , Cq) and 

{ril^,co), where the random variables are dimensionless, and (Jy,(T-n are the 
part of the collapse scheme carrying the units (e.g., in the independent collapse scheme 
a''^'^\'ql\co) = ^/hL^/2\gk{r])\ and ^^'^^(t^^S Cq) = ^/hI//2\yk{T])\) . The mean value of 
the product of xj^''.''^'^^ depends on the particular scheme considered. In the Independent 
scheme, the product mean value is given by 



^Hfi^MK ^ ^^^^^ ^ S^_■^^>)6m,n, = i^k,k' - ^k,-k')^™,- (52) 

where i = I, II, and with all the other possible combinations equal zero. Meanwhile, in 
the Newtonian scheme it is 



'^ki/'^k',// = ^'^k,k' + '^k,-k')^-,n, ^kj/"^k',// = (^k,k' - ^k,-k')^-.-' (53) 
and in the Wigner's scheme we have 



The 6m,n means that, in the three schemes, we are assuming independency among 
the random variables associated to different collapses respectively (e.g., the random 
variable x^^^ is independent of x^^^). 

After choosing a particular collapse scheme (with the corresponding character- 
ization for the mean value of the random variables fl52|) . fl53l) . fl5^ ). and recall- 
ing that (7rj,(?7))c„ = {7^^{v))c„ + i{^]^{v))cn (using dSID), one obtains the quantity 

(^k(^))cn(^^'('7))c„ for each collapse scheme. The calculation will be simplified due to 
the fact that, as usual, the average over the random variables (in the three collapse 
schemes) will lead to a cancellation of the cross terms. Thus, after going to the con- 
tinuum limit (L —7- oo), the expression for |«/mlif.L. dSlD, after collapses is given 
by 

= / ^\UkRn)\'f2ci''\k,VD), (55) 



where C\'^''\k,ri£)) depends on the collapse scheme considered. In the independent 
scheme, this expression is 



+ {cos{k,n - k4^) + ""^'\"^:^'^"y (n+ + i-iyu-^), (56) 
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meanwhile, in the case of the Newtonian scheme 

Cl-\k,VD) = {cosikr^n - Hu) + '^"^^^^^^ ^"^^"^ j'^ + (-l)'n^^), (57) 
the quantities and 11^ are defined as 

Finally, in the Wigner's scheme, C[^\k,ri) is given by 
Cl''\k,7]D) = 2eAl^[sm{k7]D - kril-) sinBfc,, 

+ [cosikr^n - kvl") + '^^^'^^~^'^'^ ) cose,,.]', (59) 
with Afc ri and 6, n defined as 



A.. ^ ^^^"-^^^ (60a) 



2Qk,n = arctan ( ^ "^^^ ] • (605) 



i-^ik^-y. 

It is worthwhile to comment that uncertainties in flSSp are always evaluated at the 
(n — l)-th collapse state. 

Before discussing the physical implications of the general result (j55l) . let us start 
by analyzing the assumption of a single collapse in the independent scheme, in this case 
f l55|l reduces to 



'"'-'^^•^•-54^7 ybKfci?D)| ^1 + 2 + J. (61) 

Considering again a single collapse and working within the Newtonian scheme, fl55l) 
leads to 



I + sm\kvD - kvl') (^j^^ - 1^ + 



1 \ sin 2 {kr] D - kr]l^) 



(62) 



Results ( 1611) and ( l62l) are consistent with the findings presented in [10] and [H] . The 
result obtained from fl55|) . for a single collapse in the Wigner's scheme, also corresponds 
with the one presented in [Tl]. 

We observe that, for the three schemes considered, in the case of a single collapse 
= 1, only the uncertainties of the vacuum state contribute to the integral in (|55ll . The 
point is that for a single collapse, fl55|) does not contain any information characterizing 
the post-collapse state (the information that defines a particular post-collapse state is 
contained in the uncertainties evaluated in that precise state). That is, we do not need 
to specify the post-collapse state. However, if we assume multiple collapses, then the 
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uncertainties of the post-collapse states will contribute to the integral in fl55p . and since 
the uncertainties will depend on the pre-coUapsed states, which are now different from 
the vacuum, then we will need to specify every pre-collapse state (which will be the 
subject of the next section). 

An important feature arises in the independent and Newtonian schemes, since for 
these cases, (l55l) exhibits an explicit dependence of / (there is also another dependence 
on / in the term \ji{kRE))\'^ , however this dependence will not affect the compatibility 
of the theoretical predictions obtained in our approach with the ones from the standard 
treatment, since the latter, also involves this dependence on / in the spherical Bessel 
function jiikRj:,)) in the terms + (— l)'yj^ and 11^ + (— l)'nj^. If I is even, 
+ {-^n^ = 2iAy^i4"))l_^ and n+ + (-l)'nj^ = 2(A7r^(r^-))2^_^; if / is odd, 
+ i-^yy^ = 2{Ay^ivl-))l_^ and n+ + (-l)^nj^ = 2(A7rj^(r/^"))2_^. Thus, 
depending on the parity of I, the predicted quantity laimWi.L. "^iH involve the uncertainty 
of the real or imaginary parts of jji^ivl") ^l^ivl") which is not entirely compatible 
with the standard prediction, namely a flat spectrum. In order to recover the standard 
theoretical prediction, the dependence of / should be avoided, and the most natural 
option is that the uncertainties satisfy 

(A^k(^^"))l-. = (^^k(^^"))l-i' (A^k(^^"))l-. = (^^k(^^"))Lr (63) 

It is clear, of course, that this is not the most generic cas^, and needs not to be 
taken as a necessary condition for the compatibility of the theoretical predictions in 
our approach with the observations from the CMB, since we still need to consider the 
physics of the cosmological epochs after the end of the inflationary regime that leads to 
the so called acoustic oscillations. It is also interesting to note, that the condition on 
the uncertainties of the real and imaginary parts of ^k(^fc") ^k('^fc")' ^^^^ applies 
to the independent and Newtonian schemes. In the Wigner scheme we do not find a 
similar condition for the parameters Nk^n and Qk,n that characterize the uncertainties 
in that case. 

Finally, we note that all the quantities involved in ( l55i) are positive. In other words, 
we have a sum of positive definite terms. Therefore, if we set — > oo the sum will 
generically diverge, which implies that we can not set an infinite number of collapses 
because the predicted value for \aimWi,L. tend to infinity. Thus we must restrict 
consideration to the case with a finite number of collapses. It is important to 
note that the calculations that lead to result ( l55l) have not considered any particular 
post-collapse state. Of course (and we will do it in the next section), we can consider 
a particular post-collapse state and that information will enter in the uncertainties. 
However, the conclusion obtained from ( l55l) related to the finiteness of the collapses is 
valid for a generic post-collapse state in the three schemes considered. 

However, as we will show in the next section, if we assume that the post-collapse states are coherent 
states, this condition is fulfilled automatically. 
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4. Characterization of the post-collapse states 

The information that characterizes a particular post-collapse state will enter in the 
uncertainties of the field (and its momentum) through the parameters that characterize 
the post-collapse state. Thus, our first task will be to focus on obtaining the 
uncertainties for the coherent and squeezed states and afterwards we are going to use 
the results of the previous sections to obtain predicted values for the observational 
quantities. 



4-.1. Coherent states as post-collapse states 

A simple election for a post-collapse state is a coherent state. A coherent state is a 
specific state of the harmonic oscillator and its dynamic is very similar to the one of the 
classic harmonic oscillator. The coherent states |^) are defined as the eigenstates of the 
annihilation operator a, 

a\0=m), (64) 

since d is not an Hermitian operator, ^ is a complex number and can be represented in 
complex polar form ^ = l^je*'^, where |^| is the amplitude and x is the phase. 

Equation (IMj) physically implies that the coherent state |^) is not affected by the 
detection and annihilation of one particle. In a coherent state the quantum uncertainties 
of p and q (the momentum and position of the quantum oscillator respectively) take the 
minimum value, i.e., ApAq = ^h. 

With the exception of the vacuum state |0) (which is also a coherent state), 
every coherent state can be produced by the application of the Displacement operator 
-^(0 = 6xp (^a'l' — ^*d) to the vacuum state 

10 = ^(010). 

Using the simple properties of the coherent states we can calculate the quantities 
d^'^\ ej^'^^ and c^'^^ f|T^ when the post-collapse state of each mode of the field is a 
coherent state \^]^), 

= i''^ = (4"'^)^ = (65) 

Expressions (!65l) . ( 11^ and (ITSl) allow us to obtain the evolution of the uncertainties 
of the field and its conjugate momentum for any coherent state. Making use of the same 
arguments that led fl20|) to the generalization fH5|) in the case of multiple collapses, f|T^ 
and ( fT5|) can also be considered in conjunction with the assumption that every post- 
collapse state is a coherent state d^j^'') = |c„)) 

= ]:Mv)\'f^L' = ^(l + 7^), (66) 
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= l|,,(r^)|W = ^. (67) 

This last result shows that the uncertainties of the n-th coherent post-collapse state 
have the same form as those of the vacuum state. We also note that the uncertainty of 
the conjugate momentum is constant in the inflationary era. 

4-2. Squeezed states as post-collapse states 

Squeezed states can be considered as a more general case of the coherent states. 
Qualitatively, a squeezed state is a state that has the minimal uncertainty, not in the 
standard position and momentum variables, but in a new pair of 'rotated' canonical 
variables (commonly referred as quadrature variables p5]). Let us call them Q and P. 
For a squeezed state one can have 'more (or less)' uncertainty in either Q or P, as long 
as their product is equal to the minimum value allowed by Heisenberg's principle. The 
parameters of the squeezed state control the angle of 'rotation' and the 'squeezing' of 
the uncertainties. 

The work with squeezed states is simplified by the introduction of the following 
operator 

S{co) = exp(^u;^a' - ^ua^^), (68) 

where the parameter a; is a complex number. In particular, u can be written as 
u = re*^. The operator S{ijj) is known as the Squeeze Operator. Applying the Squeeze 
and Displacement operators to the vacuum state we obtain a squeezed state 

\^uj)^D{OS{uj)\0). (69) 

We note that the squeezed state \$,co) is completely defined by four parameters: |^|, x, r, 9 
Some well known properties of the operators -D(0 ^"^^ ^i^) 

(i) D^{OdD{0 = a + ^. 

(ii) Dt(OatD(0 = aUe 

(iii) S'^{uj)dS{u) = dcoshr — a"''e^'^ sinh r. 

(iv) S'^{uj)d''S{uj) = d^coshr — ae*^sinhr. 

(v) Both D and S are unitary operators. 

By regarding the post-collapse state of each mode as a squeezed state and using the 
properties 1-5, one can obtain d^'^\ c^'^^ and ej^'^'* from ( !T2|) 

^(R,i)^^iRJ)^ (70) 

4^'^) = -hL' coshrjf sinhrjf -^^e-^'k''' + (4^'^))^ (71) 
ej^^'') = ;iL3sinhVjf'^) + l4^'^)r- (72) 
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Equations (HM and (IT^ give us the evolution of the uncertainties, in terms of 
the quantities d^^'^\ c^'^^ and ej^''^''- As in the coherent state, f|T^ and f fTSl) can be 
generahzed straightforward to the case of multiple collapse. Thus, by considering the 
post-collapse states of each mode as squeezed states, we can substitute (170|) . ( !7T|) and 
( 1721) into (IHj) and (JTSll . which for multiple collapses yields 



4k 



1 + 



1 



X cos 



{kriY 



— sinh(2rj^ 
1 



c„{i^,/)^ 



+ 2 arctan ( - — 
krj 



2kr] 



+ cosh(2r^"('^''))}. 



hL^k 



sinh(2r^'^^'''^'') cos 



+ 2kri) + cosh(2r^" 



c„(i^,/)^ 



(73) 



(74) 



The squeezing parameters r'^^^'^^ and Q'^^^'^^ refer to the squeeze parameters of 
the n-th post-collapse squeezed state of each mode. The situation at hand is totally 
different from the coherent case, in which the uncertainties are completely characterized 
by the vacuum state despite n collapses have occurred. In the squeeze state case, 
it is evident from ( 175]) and (1711) that the dispersions (Ayj^'^'*(?7))^^, (A7r|^'^'*(?7))^^ are 

determined by the squeeze parameters r'^^^'^^ and Q'^^^'^\ This is a crucial difference 
with the coherent case in which the uncertainties are independent of the parameters 
characterizing the coherent state. 



4-3. Connections with the observational quantities 

The uncertainties of the field are characterized by both, the particular post-collapse state 
and the collapse scheme. In the rest of this section we will focus on the independent 
collapse scheme, however, similar conclusions as those obtained from these results can 
be derived when considering the other two collapse schemes that have been proposed so 
far. 



4.3.1. Squeezed States as postcoUapse states The connection with the observations will 
be made under the following assumptions: I) The wave-function of the field has collapsed 
times and the post-collapse states are squeezed states. II) The uncertainties 
{^y^{Vk"))c„-i and {Ay^{ril"))l^_^ are equal (as well as the uncertainties (A7r^(?7^"))^^_^ 
and (A7rj^(?7^"))^ J, which is motivated by the discussion at the end of section [31 

Under the assumption II), ( IS^ (recall that we are working under the independent 
scheme) takes the simplified form 



I'^lmlM.L. 



8 Vh^ r dk 



k^ 



277r eMf. 



N 



n=l 



+ ( cos(^,, - kvl^) + ^"^"y (A^k(^^"))l-. 



(75) 
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After a little algebra, the expression for \aim\M ^ obtained by substituting ( 175]) and (ITIll 
in ( !75|) becomes 

2 Vh^ fdk, ^ 



I |2 
l^lmlM.L. 



277r eM| 



/" "^^h- (JcR M^\^ \^^ ^ sin2(A;77fl-A;77^") 



X (cosh2r-- + sinh2r-- cos(e-- + 2A:r^-)) + ^"^Jj^lJ"'^'"^ 



(^cosh2r^"-' + kr]l'' sinh2rj'-' sin(^^"-' + 2kr] 



(76) 



The above result lead us to conclude that, in order to obtain a reasonable power 
spectrum, that is, a nearly flat Harrison-Zel'dovich spectrum, there seems to be one 
simple case characterized by two particular conditions: 

First, for each one of the n post-collapse states, /c?7^" should be independent of k but 
dependent of n. I.e., the time of collapse for the n post-collapse states of the different 
modes should depend on the mode's frequency according to rjl" = fn/k (where /„ is a 
real number that changes for each collapse). This condition is the generalization for n 
collapses of the result presented in [TU] where a single collapse was considered (a possible 
deviation of such 'recipe' for the time of collapse was studied in [14j). In other words, 
the result (1761) generalizes the condition rjl oc 1/k in the case of multiple collapses. 

Second, a nearly flat spectrum is recovered if the parameters characterizing the 
n squeezed states are also independent of the mode's frequency, that is, if = r'^" 
and 6^ = 9^" are independent of k but dependent of n. This does not mean that 
the uncertainties for each mode are all the same, because the uncertainties are also 
characterized by the time of collapse of each mode and its frequency, as can be seen in 
^ and dZH). 

4-3.2. An upper bound for the number of collapse using coherent states as post- 
collapse states As already noted generically, the number of collapses in each mode 
must be flnite, and we expect to provide a simple estimate in this subsection. We 
will continue the consideration of the independent collapse scheme, but we will assume 
that all the post-collapse states are coherent states (which, after all, are just a 
particular class of squeezed states with '"j^ = 0). That is, we can use the uncertainties 
(l66|) and ( 1671) to obtain a predicted value for |azm|if.L.- Note, however, that in the 
case of coherent states, assumption (II) of the subsection 14.3.11 is naturally obtained 
because the uncertainties of every coherent state are equal to the uncertainties of 
the vacuum state which automatically satisfy {Ay^{rik))l^^ = {Ayy^{rik))l^ (as well as 
{ATf^{r]k))l = iA7cU7]k))l). Substituting §^ and (EZD in ([55]) yields 



2 



I'^lmlM.L. 



2 Vh^ fdk..,,^ M2\^f, , sm2{k7]n - kr]l-) , 2 sin^(fcr/^ - fcr/^") ^ 
27^7m^J tI^'(^^^)I 1.11 + k4- + lk^2 j- 

(77) 
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I |2 
l^lmlM.L. 



From this last expression is a relatively simple task to obtain information regarding 
the maximum number of collapses allowed by observations. If we assume that ^ 
/c?7d, that is, the time for the 1^*, 2"^^, A^*'^ collapse occurs at very early stage of the 
inflationary regime; ( !77|) is approximated by 

using that / x^^jf{x)dx = 7r//(/ + 1), the expression above reduces to 
2 2 Vh^ N 

l«/mlM.L. ~ 27eM|/(Z + l)- ^ ^ 

In general la^mlif l is independent of m and the quantity that is presented as the 
result of observations is OBi = l{l + l)Ci, where Q = (2/ + 1)"^ Em l«rm If we 
ignore the physics of the plasma that follows after the reheating era, OBi is essentially 
independent of I corresponding to the amplitude of the metric perturbations (which is 
roughly 10~^°). Thus, setting OBi = A, the maximum number of collapses Nmax allowed 
by the observations is 

AT ^^!!^ (80) 

We believe that this constraint might be of great help in studying the viability of 
the actual proposals for the detail physical mechanism that lies behind the collapse we 
have been considering. 



5. Discussion 



As first reviewed in [lOj , the infiationary account of the origin of cosmic structure posses 
a serious shortcoming, namely, the emergence of structure from an initial state that was 
homogeneous and isotropic. The proposal to address this existing issue was through the 
introduction of a modification of standard quantum theory corresponding to a dynamical 
reduction of the wave function. The present study represents a continuation of the 
investigation of such proposal. 

In this paper, we have examined the possibility that multiple collapses take place 
in each of the modes of the quantum field. This study required a much more detailed 
characterization of the post-collapse states. This, in turn, required the introduction 
of extra assumptions. We focused here in the possibility that the states are coherent 
or squeezed and under these assumptions we were able to further constrain, beyond 
the results of previous analyses, the features of the collapse hypothesis required for 
agreement with observations. These we will discuss in the following. 

The first result obtained in this manuscript is that in order to recover a flat 
spectrum, and assuming that multiple collapses occur, then the uncertainties of the real 
and imaginary parts of the fluctuation of the inflaton field, i.e., y^^ and its conjugated 
momentum vrj^, must be equal. We can interpret this result as the most natural option 
for selecting simple candidates for post-collapse states since the uncertainty of each 
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mode of the field and its conjugated momentum is characterized by specifying the 
post-collapse state. Therefore, given a particular state |S) for each mode k, one can 
calculate the uncertainties of the field and its conjugated momentum for that state. 
If the uncertainties for each mode satisfy the relation (A^^)| = (Ayj^)| (as well as 
(Att^)! = (A:n"j^)|) , then |S) can be regarded as a reasonable choice for a post-collapse 
state. In fact, in section 14. ![ we found that, for coherent states, the relation between 
the uncertainties of the real and imaginary parts of yj^ and ttj^ is satisfied automatically. 
Consequently, a coherent state is a natural candidate for a post-collapse state. The fact 
that a coherent state acts as a good candidate for a post-collapse state is consistent with 
the notion that a coherent state of the field is the closest quantum mechanical state to 
a classical description of the field, i.e., a state for which the semiclassical approximation 
of gravity given by Gab = ^T^G{Tab) is valid in the sense of Ehrenfest's theorem and thus 
qualifies for a reasonable candidate for a post-collapse state. 

Nevertheless, for a generic squeezed state (A^^)| 7^ (Ayj^)| and (Avr^)! 7^ 
(Attj^)!, but this does not mean that post-collapse squeezed states are forbidden. That 
is, one can select a set of squeezed states, characterized by the squeezing parameters 
r|^'^^ and 6^'^\ such that = and 6^ = 6^ for which the relation in the 
uncertainties holds. Furthermore, in section 14.3.11 we argued that, given a collection of 
multiple post-collapse squeezed states characterized by and 9^, then, the simplest 
choice that allows the recovering of the standard flat spectrum, is that the squeezing 
parameters be independent of k. The point is that we again used the observations as a 
guide to uncover the particular characteristics of a squeezed state that could be regarded 
as a reasonable post-collapse state. We should note that, as discussed in [H], we can 
not expect such a strict pattern to be followed in an exact manner in a theory involving 
a collapse controlled by some fundamentally random events, and as such one can in 
principle investigate the effects of the expected deviations on the observational data. 
The investigation of the detail signature of those deviations, as well as the observational 
bounds on them (i.e. analogues of those considered in [H]), is part of our ongoing 
research program. 

Another important result from this work is that the number of collapses must be 
finite under generic conditions. However we could, in principle, select a set of post- 
collapse states and adjust the uncertainties of the field (and its conjugated momentum) 
and the times of collapse in a way that the predicted observational quantity (the sum in 
(15 5p ) would remain finite, even for an infinite number of collapses. Evidently, this would 
amount to a fine tune of the scheme which we do not see as an attractive choice. On 
the other hand, we should say that if the collapse of the state, which gives birth to the 
inhomogeneities observed in the CMB, is a process that keeps occurring indefinitely even 
after inflation ends, the Newtonian potentials would also be changing, thus affecting in 
a rather random way the propagation of photons from the last scattering surface to our 
satellites. These ideas might be considered as related, at least at the phenomenological 
level, to those explored in [SB]. We did not investigate these issues here. In the present 
work we rather concentrated on the generic sort of conditions for the collapse during 
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inflation and found, not only that the number of collapses should be finite, but obtained, 
- under the extra hypothesis on the form of post-collapse states- a rough estimate on 
the number of collapses in terms of the parameters of the inflaton potential. 

All of the previous discussion shows that, even though in principle we do not know 
precisely what is the nature of the physics behind what we call the collapse, we can, 
in fact, obtain some insights on the 'rules' that govern it, i.e., those determining the 
nature of post-collapse states and the number of collapses of each mode, by comparing 
the observations with our theoretical predictions. 

We are beginning to investigate the possible connection of our proposal with other 
more developed collapse mechanisms involving similar non unitary modifications of 
quantum theory. Henceforth, the path to follow in our future research is to explore 
the connections of our proposal with other collapse mechanisms compatible with the 
conclusions obtained in this and previous works. 

We believe that, in the case of the inflationary paradigm, we cannot content 
ourselves with the fact that calculations lead to results that match the observations 
but which can not be fully justified within the context of the interpretations provided 
by our current physical theories. We readily acknowledge that, although our proposal 
seems to offer a clearer picture of the emergence of the seeds of cosmic structure, it might 
be ultimately an incorrect proposal which might need to be replaced by something even 
more complex and distant from the established physical paradigms. What seems clear is 
that the standard account of the genesis of the cosmic structure, something intimately 
tied with the rise in the conditions that are a prerequisite for our own existence, is 
not fully satisfactory and that on the other hand, our present and future access to 
detailed empirical data makes the issue not only susceptible to scientific inquire, but from 
our point of view, one of the most promising fertile grounds where some fundamental 
questions can be explored. 
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